Site preparation techniques including mounding, drainage and nitrogen (N) fertilization can 14 enhance seedling survival and site productivity, particularly in waterlogged, low-productivity forest 15 stands. However, practices that alter soil conditions and site hydrology can lead to the unintended 16 alteration of biogeochemical process rates, such as CH4 fluxes. This study sought to measure CH4 fluxes 17 measured using static closed chambers at a sub-boreal spruce site and a coastal cedar-hemlock site that 18 underwent mounding and drainage, respectively, to manipulate water table depth relative to planted 19 seedlings, as well as fertilization. The abundance of methyl coenzyme M reductase (mcrA) gene found in 20 methanogenic archaea and the particulate methane monooxygenase (pmoA) gene found in methane-21 oxidizing bacteria (MOB) were examined. The use of sulphate as a potential method to stimulate 22 sulphate-reducing bacteria (SRB) and reduce methanogen activity was also investigated using the 23 dissimilatory sulfite reductase β-subunit (dsrB) gene. qPCR was used to link mcrA, pmoA and dsrB gene 24 abundance to soil factors and GHG fluxes. Mounding created hot-spots of CH4 emissions at the spruce 25 site. Drainage improved soil aeration at the coastal cedar-hemlock site and reduced CH4 emission rates. 26
Introduction 30
Elevated atmospheric concentrations of greenhouse gases (GHGs) are of major concern 31 worldwide. Methane (CH4) is the second most-important GHG in terms of radiative climate forcing, its 32 concentrations has increased by about 150% in the last two centuries to about 1.8 ppm (Forster et al., 33 2007) . CH4 fluxes in forest and wetland soil is a major component of the global carbon (C) cycle. Boreal 34 (1372 Mha) and temperate forests (1038 Mha) contain 272 and 119 Pg C in total, and are sequestering an 35 additional 0.5 and 0.72 Pg C yr -1 respectively, of which 65% and 49% is stored in soil (Pan et al., 2011) . 36
Alterations to the soil C cycle can lead to the release of substantial stored carbon, which is exacerbated in 37 wet forests due to the incomplete degradation of plant biomass carbon in anaerobic zones. 38
Forest site preparation such as drainage, mounding as well as nitrogen (N) fertilization are used to 39 enhance seedling establishment and growth in wet forest ecosystems, and can increase site C 40 sequestration through the accumulation of aboveground biomass and soil C (Laiho and Finér, 1996 
ecosystems. 46
Methanogens from phylum Euyarchaeota produce nearly all biogenic CH4 using a variety of 47 metabolic pathways, though methanogenesis in terrestrial ecosystems is primarily hydrogenotrophic (CO2 48 + H2) or aceticlastic (acetate) (Conrad, 1999 (Conrad, , 2005 . Molecular characterization of methanogens target the 49 mcrA gene, which encodes the methyl coenzyme M reductase enzyme common to all known 50 methanogensis pathways (Luton et al., 2002) . Aceticlastic methanogensis is responsible for about two-51 thirds of methane production in soil (Le Mer and Roger, 2001 ). Studies of methanogen community 52 structure, including mcrA and 16S rRNA characterization, suggest that both hydrogenotrophic 53 methanogens and aceticlastic methanogens are common in waterlogged forest soil (Kemnitz et al., 2004 ; -131 and -136 kJ for hydrogenotrophic and aceticlastic pathways, respectively) and generally occurs in 61 very low redox potential soils, as methanogens are generally out-competed for acetate and protons by 62 N addition to forest soils in regulating CH4 flux is not yet fully understood (Gundersen et al., 2012) . 95
Characterization of the soil environment and microbial community in a variety of forest ecosystems can 96 identify the underlying causes of CH4 flux differences following site preparation and N fertilization. 97
This study seeks to use quantitative PCR (qPCR) of the mcrA, pmoA and dsrB genes to estimate 98 the response of the methanogen, MOB and SRB communities, respectively, in two regenerating 99 waterlogged forest stands subject to mounding, drainage and fertilization. We attempt to link these 100 functional groups to CH4 fluxes measured using static closed chambers to better understand the 101 importance of the microbial community in determining GHG fluxes from managed forest stands. 102
103

Materials and Methods 104
Field sites 105
The effects of fertilization and site preparation (mounding and drainage) on GHG flux, and on the 106 abundance of methanogenic archaea, MOB and SRB was investigated at two waterlogged sites in British buried about 5 cm in the soil in each of two treatment plots at ALRF, and two chambers were installed in 150 each of three treatment plots at SDT. Six ml of chamber headspace were removed and inserted into pre-151 evacuated 5 ml Exetainers ® (Labco Ltd., Lampeter, UK) every 15 minutes for one hour. Gas samples 152
were measured on an Agilent 5890 series II gas chromatograph (Agilent Technologies, Santa Clara, 153 U.S.A.) equipped with a flame ionisation detector (FID) set at 300 o C. The FID carrier gas was helium 154 with a flow rate of 14 ml min -1 . Standards for gas chromatography used 4, 2, 1 and 0.67 ppm CH4. 155 Standard curves for dsrB were created using triplicate 10-fold dilutions from 10 2 to 10 8 copies of 172
Desulfosporosinus orientis and Desulfomicrobium baculatum genomic DNA. 173
174
Statistical analysis 175
Statistical analysis was performed using in R v. 2.15.3 (R Core Team, 2013). Data were fitted 176 with the linear mixed-effects model and subject to two-factor analysis of variance (ANOVA) using the 177 lme and anova functions in the nlme and car packages, respectively, with fertilization and 178 mounding/drainage as fixed effects and blocking as a random effect. qPCR data were analyzed as log10 179 values and plotted using 25%-75% quartile boxplots with SigmaPlot 11.0 (Systat Software, Inc., San Jose, 180 CA). GHG data that violated ANOVA assumptions were logarithmically transformed and qPCR data that 181 violated assumptions were analyzed as normal values. Unconstrained, exploratory ordination was carried 182 out using principal component analysis (PCA) on scaled parameters with the prcomp function for 183 ordination by singular value decomposition and visualized using the ggbiplot package in R. Site preparation had a significant but inconsistent effect on CH4 flux rates in both ALRF and SDT 201 sites. At ALRF, the highest rates CH4 efflux were measured following fertilization on Jul-12 ( Figure 1a) . 202
At this date, CH4 efflux in mound hollows rates was 422.4 ± 176.6 and 1171.3 ± 368.8 µg CH4 m -2 h -1 in 203 unfertilized and fertilized plots, respectively. By Aug-12-the warmest, driest date-79% of chambers 204 demonstrated CH4 uptake. Mounding appeared to reduce CH4 flux rates after one year, owing primarily to 205 the reduction of efflux in exposed mounds. There was consistent CH4 uptake measured in the drained 206 plots at SDT, particularly in chambers located in unfertilized plots (Figure 1b) . While there was CH4 207 uptake in all plots throughout the course of the field measurements, the undrained control plots had 208 significantly greater emissions throughout the experiment (Jul-12, Aug-12 and Jun-13). SDT fluxes did 209 not suggest seasonal or fertilization effects, having less temporal fluctuations than at ARLF. 210
Fertilization transiently increased SO4-S concentrations 211
An important component of this study was to determine how fertilization with S affected the SRB 212 and the methane-cycling community. Trace concentrations of total S were only measured at ALRF in the 213 forest floor F and H layers (data not shown). However, SO4 was measured in almost all of the mineral 214 samples taken from this location (Figure 2a ). Treatment effects were measured at ARLF throughout the 215 study, with a significant increase after 24 hours of fertilization. This effect was only observed in the 216 mounded plots, which lacked an organic layer. As a result there was a significant interaction between 217 mounding and fertilization at this date. The fertilization effect continued in Jul-12, although the SO4-S 218 concentrations in the fertilization plots had decreased. SDT had trace amounts of total S in 52% of forest 219 floor samples (data not shown) from both fertilized and unfertilized plots. In contrast to ALRF there were 220 no treatment or locational effects of mounding and fertilization on SO4-S at SDT, with the exception of 221 Jul-13, where fertilized drained soil samples had significantly greater SO4-S than control and drained 222 unfertilized samples (Figure 2b) . Soil SO4-S was greater at SDT than at ARLF, with concentrations 223 reaching a peak of 90.1 ± 35.2 and 16.5 ± 4.2 µg g soil at these sites, respectively. 224 (Figure 3a) . In Jun-13, as the mounded plots once again became waterlogged, fertilized 227 mound hollows and unmounded plots had significantly greater mcrA abundance than mound tops. A 228 consistent drainage effect on mcrA abundance was observed at SDT (Figure 4b ). Undrained control plots 229 had significantly greater mcrA abundance than drained plots in Aug-12 and Jul-13 and Sep-13. A 230 significant effect of fertilization also occurred in Jul-13, one year following the treatment. 231
Microbial gene abundance altered by site preparation
The abundance of pmoA was significantly greater in mounded plots than in unmounded plots in 232
Oct-12 (Figure 3b) . PmoA abundance in ALRF and SDT soil appeared to follow a seasonal trend. The 233 lowest measured abundance (5.3 ± 0.2 pmoA copies g -1 soil (dw)) was measured in undrained SDT 234 fertilized plots in Oct-12, which had a soil temperature of 8.1 o C. Mirroring mcrA abundance, control plots 235 had significantly greater pmoA abundance than drained plots in Aug-12 as well as Jul-13 and Sep-13. 236
There was significant interaction between drainage and fertilization in Aug-12, as fertilization 237 counteracted the effect of drainage on pmoA abundance. 238
DsrB abundance at the ALRF site was significantly lower in mounded plots in Jun-13 (Figure 3c) , 239 mirroring to mcrA abundance at this date. At SDT, dsrB was significantly lower in drained soil in Aug-12 240 and Jul-13. There was no increase of dsrB genes related to application of SO4-S fertilizer, nor were 241 interactions between fertilization and drainage observed. Table 2 ). PCNM 267 of SDT sampling locations resulted in 128 PCNM variables between nearest-neighbor sampling locations. 268
Of these, three PCNMs had significant Moran's I statistics, representing increasingly fine levels of spatial 269 structure. The first PCNM variable at SDT positively correlated with dsrB, mcrA and CH4 fluxes, these 270 variables exhibiting spatial organization. As with ALRF variation partitioning models, SDT variables 271 were strongly explained by soil temperature (Table 1) . 84.4% of CO2 flux variation could be explained, 272 with temperature explaining 42.7% on its own. More CH4 flux variation was explained at SDT than at 273 ALRF, with mcrA abundance again acting as the strongest predictive variable. Mounding and drainage significantly reduced CH4 fluxes after one year. While fertilization 308 significantly increased SO4-S concentrations at ALRF, there was no effects on methane rates or 309 methanogen abundance at the conclusion of this study. This work demonstrates that drainage led to a 310 lasting reduction of methanogen populations and CH4 emissions, while results were less certain for the 311 mounded site. Therefore, ditch drainage techniques may be a useful method of site preparation to reduce 312 overall GHG emissions from waterlogged, CH4-emitting soil. The use of microbial genes abundance can 313 help resolve how the complex changes to the soil community following site preparation can result in 314 alterations to GHG fluxes in waterlogged forest stands. 
